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Neural Axis Representing Target Range in the Auditory Cortex of the Mustache Bat
Abstract. In echolocating bats, the primary cue for determining distance to a target is the interval between an emitted orientation sound and its echo. Whereas frequency is represented by place in the bat cochlea, no anatomical location represents target range. Target range is coded by the time interval between grouped discharges of primary auditory neurons in response to both the emitted sound and its echo. In the frequency-modulated-signal processing area of the auditory cortex of the mustache bat (Pteronotus parnellii rubiginosus), neurons respond poorly or not at all to synthesized orientation sounds or echoes alone but respond vigorously to echoes following the emitted sound with a specific delay from targets at a specific range. These range-tuned neurons are systematically arranged along the rostrocaudal axis of the frequency-modulated-signal processing area according to the delays to which they best respond, and thus represent target range in terms of cortical organization. The frequency-modulated-signal processing area therefore shows odotopic representation.
In the mustache bat (Pteronotus parnellii rubiginosus), the auditory cortex has been found to have at least three specialized areas for processing different types of biosonar information: the Doppler-shifted constant-frequency (DSCF), frequency modulated (FM), and CF/CF processing areas (Fig. 1A) (1-6) . Neurons of the DSCF processing area are arranged along two axes, one representing echo amplitude (target subtended angle), the other representing echo frequency (target velocity information) (2). The DSCF processing area consists of two functional subdivisions adapted for target detection or localization (3). The FM and CF/CF areas process information carried by different combinations of information-bearing elements in the emitted biosonar signal and its echo (4-6). We report that the FM processing area represents target-range information along an anatomical axis without a corresponding anatomical dimension at the periphery.
The mustache bat emits biosonar signals (orientation sounds), each of which contains four harmonics. Each harmonic consists of a CF component and an FM component. Therefore, there are eight components (CF,_4, FML_4) in each emitted signal (1, 5, 7). Echoes that elicit behavioral responses in the mustache bat always overlap with the emitted signal (inset, Fig. 1C) . As a result, biosonar information must be extracted from a complex sound with up to 16 components.
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representation.
The mustache bat emits biosonar signals (orientation sounds), each of which contains four harmonics. Each harmonic consists of a CF component and an FM component. Therefore, there are eight components (CF,_4, FML_4) in each emitted signal (1, 5, 7). Echoes that elicit behavioral responses in the mustache bat always overlap with the emitted signal (inset, Fig. 1C) . As a result, biosonar information must be extracted from a complex sound with up to 16 components. Neurons with long BD's were recorded at the caudal part of the FM processing area (Fig. 1B) . The longest BD obtained was 18 msec, corresponding to a target range of 310 cm. The delay-tuning curves of such neurons are broad, and they responded strongly to each paired stimulus only when delivered at the lower repetition rates characteristic of the search phase. The response was very poor at a rate of 40 repetitions per second and completely disappeared at 100 per second.
The Fig. 1C) (10) Odotopic representation is the term we use to describe the representation of target range by the location of neurons tuned to different BD's. This representation is the same regardless of wide variations in repetition rate (10 to 100 per second) and signal duration (7 to 34 msec). In the auditory system, the synthesis of a range axis, which has no corresponding anatomical precursor in the periphery, is suggestive of the methods by which sensory information may be extracted and displayed in the brain.
When many conspecific bats echolocate in a confined space, their many orientation sounds and echoes would impair odotopic representation unless some mechanism protected the system from jamming. The fundamental harmonic (H1, particularly FM1) of the orientation sound is always critical to the response of range-tuned neurons in spite of the fact that H, is always much weaker than the other harmonics and is sometimes barely detectable in laboraioral data. The little brown bat (Myotes lucifiugus) begins the approach phase for wire obstacles 0.3 cm in diameter at an average distance of 225 cm (11), and the horseshoe bat (Rhinolophus ferrumequinum) compensates for Doppler-shifted echoes only when delayed less than an average of 17.5 msec (301 cm) (12). The finding that bats react when targets are closer than 301 cm corresponds to our finding that the range axis ends at about 310 cm. Eptescius fuscus, Phyllostomus hastatus, Pteronotus suapurensis, and R. ferrumequinum are all able to discriminate range differences of 1.2 to 2.5 cm at an absolute distance of 30 to 60 cm (13). This also corresponds to our finding if we assume that the rate of change in best range (1.99 cm per neuron) is the theoretical limit of justnoticeable difference in distance.
Delay-tuning curves themselves are sometimes insufficient to express the properties of range-tuned neurons and may even be misleading. Their responses are more appropriately expressed by iso-impulse-count contours plotted on coordinates of echo amplitude against delay. In Fig. 2 , for instance, the neuron is clearly tuned to an echo of 37 dB SPL delayed by 2.1 msec. Range information is apparently processed by a series of such neural filters in both the time and amplitude domains, and as such they may be considered cross-correlators (14).
Odotopic representation is the term we use to describe the representation of target range by the location of neurons tuned to different BD's. This representation is the same regardless of wide variations in repetition rate (10 to 100 per second) and signal duration (7 to 34 msec). In the auditory system, the synthesis of a range axis, which has no corresponding anatomical precursor in the periphery, is suggestive of the methods by which sensory information may be extracted and displayed in the brain.
When many conspecific bats echolocate in a confined space, their many orientation sounds and echoes would impair odotopic representation unless some mechanism protected the system from jamming. The fundamental harmonic (H1, particularly FM1) of the orientation sound is always critical to the response of range-tuned neurons in spite of the fact that H, is always much weaker than the other harmonics and is sometimes barely detectable in labora- 
